Abstract. Gallic acid (Ga) is widely distributed in various plants and foods and has various biological effects. in this study, we investigated the effects of mitogen-activated protein kinase (MeK, JnK or p38) inhibitors on Ga-induced calu-6 lung cancer cell death in relation to reactive oxygen species (roS) and glutathione (GSH) levels. Ga inhibited the growth of calu-6 cells and induced apoptosis and/or necrosis accompanied by the loss of mitochondrial membrane potential (MMP; ∆ψ m ). roS levels and the number of GSH-depleted cells were observed to be increased at 24 h. MeK inhibitor suppressed cell growth inhibition, death, MMP (∆ψ m ) loss and GSH depletion induced by Ga, but failed to suppress the increase in roS levels. JnK inhibitor also somewhat suppressed cell growth inhibition, MMP (∆ψ m ) loss and GSH depletion induced by Ga, and limited the increase in roS levels. By contrast, p38 inhibitor mildly enhanced Ga-induced cell growth inhibition, MMP (∆ψ m ) loss and the increase in roS levels. in conclusion, MeK inhibitor suppressed Ga-induced cell growth inhibition and death in calu-6 cells. This was related to the prevention of GSH depletion.
Introduction
Gallic acid (Ga; 3,4,5-triphydroxyl-benzoic acid) is a polyhydroxylphenolic compound that is widely distributed in various plants, fruits and other foods (1) , and is very well absorbed by humans (2) . Various biological effects of Ga have been reported, including anti-bacterial (3), anti-viral (4) and anti-inflammatory activities (5) . The major point of interest in Ga is related to its anti-cancer activity, which has been reported in various cancer cells, including prostate (6) , lung (7, 8) , gastric, colon, breast, cervical and esophageal cancer (9) . apoptosis induced by Ga is associated with oxidative stress derived from reactive oxygen species (roS), mitochondrial dysfunction and an increase in intracellular ca 2+ levels (10,11). controversially, Ga has been suggested to have both pro-oxidant and antioxidant properties depending on iron or H 2 o 2 levels in medium and plasma (12, 13) .
There are currently three well-known mitogen-activated protein kinases (MaPKs): extracellular signal regulated kinase (erK1/2), c-Jun n-terminal kinase/stress-activated protein kinase (JnK/SaPK) and p38 kinase (14) . each MaP kinase pathway has relatively different upstream activators and specific substrates (15) . Multiple lines of evidence demonstrate that JnK and p38 are strongly activated by roS or by a mild oxidative shift in the intracellular thiol/disulfide redox state, leading to apoptosis (16, 17) . roS are also known to induce erK phosphorylation and to activate the erK pathway (18) . in most instances, erK activation has a pro-survival rather than a pro-apoptotic effect (19) . Since variations in the level of roS and differences in the function of MAPKs as influenced by ROS may have opposite effects in even the same type of cells, the relationship between roS and MaPKs in terms of cell survival or cell death signaling requires further clarification.
understanding the toxicological mechanisms of Ga in cancer cells in relation to roS and MaPK signaling may aid in the development of anti-cancer agents. However, little is known about the relationship between roS levels and MaPK signaling in Ga-treated cancer cells. We recently observed that Ga inhibited the growth of lung cancer cells including calu-6 lung cells (unpublished data). Therefore, in the present study, we investigated the effects of MaPK inhibitors on cell growth inhibition, cell death, roS and GSH levels in Ga-treated calu-6 lung cells. (20) , 10 µM of each MaPK inhibitor was used as an optimal dose in this experiment. ethanol (0.2%) and dMSo (0.3%) were used as the control vehicle. Stock solutions were wrapped in foil and maintained at -20˚C.
Cell growth assay. The in vitro growth inhibitory effect of Ga on cells was determined by using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) as previously described (21) . in brief, 3x10 4 cells per well were seeded in 96-well microtiter plates for MTT assay. after exposure to the indicated dose of Ga and/or each MaPK inhibitor for 24 h, 20 µl of MTT (Sigma) solution (2 mg/ml in PBS) were added to each well of the 96-well plates. The plates were incubated for an additional 4 h at 37˚C. Medium in plates was drawn using a pipette and 200 µl of dMSo was added to each well to solubilize the formazan crystals. optical density was measured at 570 nm using a microplate reader (Spectra MaX 340; Molecular devices co. Sunnyvale, ca).
Sub-G1 DNA content analysis. The sub-G1 dna content of the cells was determined by propidium iodide (Pi; ex/em = 488 nm/617 nm; Sigma-aldrich) staining as previously described (22) . in brief, 1x10 6 cells in a 60-mm culture dish (nunc) were incubated with Ga and/or each MaPK inhibitor for 24 h, then washed with PBS and fixed in 70% ethanol. Subsequently, the cells were washed again with PBS, then incubated with Pi (10 µg/ml) with simultaneous rnase treatment at 37˚C for 30 min. Cell DNA content was measured using a FACStar flow cytometer (Becton Dickinson, San Jose, CA).
Annexin V staining for cell death detection. apoptosis was determined by staining with Annexin V-fluorescein isothiocyanate (FiTc; ex/em = 488 nm/519 nm; Pharmingen, San diego, ca) as previously described (22) . in brief, 1x10
6 cells in a 60-mm culture dish (nunc) were incubated with Ga and/ or each MaPK inhibitor for 24 h. cells were washed twice with cold PBS and then resuspended in 500 µl of binding buffer (10 mM HePeS/naoH, pH 7.4, 140 mM nacl, 2.5 mM cacl 2 ) at a concentration of 1x10 6 cells/ml. annexin V-FiTc (5 µl) was then added to the cells, which were analyzed with a FACStar flow cytometer (Becton Dickinson).
Measurement of MMP (∆ψ m )
. MMP (∆ψ m ) levels were measured using Rhodamine 123 fluorescent dye (Ex/Em = 485 nm/535 nm; Sigma) as previously described (23) . in brief, 1x10 6 cells in a 60-mm culture dish (nunc) were incubated with Ga and/or each MaPK inhibitor for 24 h. cells were washed twice with PBS and incubated with rhodamine 123 (0.1 µg/ml) at 37˚C for 30 min. Rhodamine 123 staining intensity was determined by flow cytometry. The absence of rhodamine 123 staining indicated the loss of MMP (∆ψ m ). MMP (∆ψ m ) levels in cells excepting cells with MMP (∆ψ m ) loss were expressed as the mean fluorescence intensity (MFI), calculated using cellQuest software.
Detection of intracellular ROS and O 2
•-levels. intracellular roS levels, including H 2 o 2 ,
• oH and onoo • , were detected by means of an oxidation-sensitive fluorescent probe dye, 2',7'-dichlorodihydrofluorescein diacetate (H 2 dcFda; ex/ em = 495 nm/529 nm; invitrogen Molecular Probes, eugene, or) (24) . H 2 dcFda is poorly selective for o 2 •-. By contrast, dihydroethidium (dHe; ex/em = 518 nm/605 nm; invitrogen Molecular Probes) is highly selective for o 2
•-among roS. in brief, 1x10 6 cells in a 60-mm culture dish (nunc) were incubated with Ga and/or each MaPK inhibitor for 24 h. cells were then washed with PBS and incubated with 20 µM H 2 DCFDA or DHE at 37˚C for 30 min. DCF and DHE fluorescence was detected using a FACStar flow cytometer (Becton dickinson). roS and o 2
•-levels were expressed as the MFi, calculated using cellQuest software.
Detection of intracellular glutathione. cellular GSH levels were analyzed using 5-chloromethylfluorescein diacetate (cMFda; ex/em = 522 nm/595 nm; invitrogen Molecular Probes) as previously described (24) . in brief, 1x10 6 cells in a 60-mm culture dish (nunc) were incubated with Ga and/or each MaPK inhibitor for 24 h. cells were then washed with PBS and incubated with 5 µM CMFDA at 37˚C for 30 min. CMF fluorescence intensity was determined using a FACStar flow cytometer (Becton Dickinson). Negative CMF staining (GSH-depleted) cells were expressed as the percentage of (-) cMF cells. cMF levels in cells excepting GSH-depleted cells were expressed as the MFi, calculated using cellQuest software. Statistical analysis. The results are representative of at least three independent experiments (mean ± Sd). The data were analyzed using instat software (GraphPad Prism4, San diego, ca). one-way analysis of variance (anoVa) with post hoc analysis using Tukey's multiple comparison test was used to compare the parametric data. Statistical significance was defined as p<0.03.
Results

Effect of MAPK inhibitors on cell growth in GA-treated Calu-6 cells.
We first examined the effect of MAPK inhibitors on the growth of Ga-treated calu-6 cells. calu-6 cell growth was dose-dependently diminished with an ic 50 of ~30 µM Ga (data not shown). The 50 µM of Ga used in this study was shown to suppress the growth of calu-6 cells by ~67% (Fig. 1) . MeK inhibitor significantly suppressed and JNK inhibitor slightly suppressed the growth inhibition induced by Ga in calu-6 cells (Fig. 1) . conversely, p38 inhibitor mildly enhanced Ga-induced growth inhibition (Fig. 1) . MaPK inhibitors alone slightly inhibited the growth of calu-6 control cells (data not shown).
Effect of MAPK inhibitors on cell death and MMP (∆ψ m ) in
GA-treated Calu-6 cells. Ga induced cell death in calu-6 cells at 24 h, as evidenced by trypan blue staining (data not shown) and annexin V staining (Fig. 2a and c) . However, Ga did not increase the number of sub-G1 cells (Fig. 2B and  d) . Therefore, it would appear that Ga inhibited the growth of calu-6 cells via apoptosis and/or necrosis. none of the MaPK inhibitors significantly affected the number of Annexin V stained or sub-G1 cells (Fig. 2) , though the MeK and JnK inhibitors did slightly decrease the percentage of annexin V stained cells (Fig. 2a and c) . none of the MaPK inhibitors alone affected the number of annexin V stained or sub-G1 cells in the calu-6 control cells (data not shown).
GA also significantly induced the loss of MMP (∆ψ m ) at 24 h (Fig. 3a and B) . The MeK and JnK inhibitors slightly prevented the loss of MMP (∆ψ m ) in the Ga-treated calu-6 cells, whereas p38 inhibitor mildly increased the loss of MMP (∆ψ m ) (Fig. 3a and B) . in relation to basal MMP (∆ψ m ) levels, Ga reduced MMP (∆ψ m ) levels in the calu-6 cells ( Fig. 3a  and C) . None of the inhibitors significantly altered MMP (∆ψ m ) levels in the Ga-treated calu-6 cells ( Fig. 3a and c) . However, the MeK and p38 inhibitors alone reduced the basal levels of MMP (∆ψ m ) in the calu-6 control cells (data not shown).
Effect of MAPK inhibitors on ROS and GSH levels in
GA-treated Calu-6 cells. next, we determined whether the levels of intracellular roS and GSH in the Ga-treated calu-6 cells were affected by each MaPK inhibitor. roS (dcF) levels such as H 2 o 2 were increased in the Ga-treated calu-6 cells (Fig. 4a and c) . all the MaPK inhibitors appeared to increase roS levels in the Ga-treated calu-6 cells. This increase was significant with p38 inhibitor (Fig. 4A and C) . The JNK and p38 inhibitors also increased basal roS levels in calu-6 control cells (data not shown). Red fluorescence derived from DHE reflecting intracellular O 2 •-levels was also increased in the calu-6 cells ( Fig. 4B and d) . However, none of the MaPK inhibitors had an effect on o 2
•-levels in the Ga-treated calu-6 cells ( Fig. 4B and d ) or calu-6 control cells (data not shown).
Ga treatment increased the number of GSH-depleted cells in the Calu-6 cells ( Fig. 5A and B) . This increase was significant with MeK inhibitor (Fig. 5a and B) . Ga also decreased the GSH level in the calu-6 cells ( Fig. 5a and c) . The MeK and JnK inhibitors slightly increased the GSH level in the Ga-treated calu-6 cells (Fig. 5a and c) . The MeK and JnK inhibitors alone also increased the basal GSH level in the calu-6 control cells (data not shown).
Discussion
erK activation has a pro-survival rather than a pro-apoptotic effect (19) . MeK inhibitor, which presumably decreased erK activity, slightly suppressed the growth inhibition and death induced by Ga. This indirectly suggests that the inhibition of erK signaling by MeK inhibitor plays a pro-survival role in Ga-treated calu-6 cells. Multiple lines of evidence demonstrate that JnK or p38 signaling is related to cell death (16, 17) . indeed, Ga was shown to induce Pc12 rat phenochromocytoma cell death through the activation of JnK, and JnK inhibitor protected Pc12 cells against Ga-induced cell death (25) . in the present study, JnK inhibitor mildly decreased the growth inhibition and death induced by Ga, implying that JnK signaling was involved in calu-6 cell death. it has been reported that p38 inhibitor prevents anisomycin-induced macrophage death (26), and we reported that p38 inhibitor suppressed the death of pyrogallol-induced calf pulmonary artery endothelial cells (20) . However, in the current study, p38 inhibitor slightly intensified the growth inhibition induced by GA, and did not significantly affect Ga-treated calu-6 cell death, indirectly suggesting that p38 signaling is involved in calu-6 cell growth, not death. additionally, p38 inhibitor was shown to enhance cell growth inhibition and cell death in calu-6 cells via antimycin a (27) . Therefore, the anti-or pro-apoptotic effect of p38 inhibitor depends on the cell types or on the co-administered agents.
cell death induced by Ga has been associated with mitochondrial dysfunction (10). Corroborating this finding, in the present study Ga induced the loss of MMP (∆ψ m ) in calu-6 cells. While the MeK and JnK inhibitors slightly prevented MMP (∆ψ m ) loss in the Ga-treated calu-6 cells, p38 inhibitors intensified the degree of MMP (∆ψ m ) loss. Therefore, the cell death induced by Ga and/or the MaPK inhibitors appears to be closely correlated with the loss of MMP (∆ψ m ). Furthermore, Ga reduced MMP (∆ψ m ) levels in calu-6 cells. none of MaPK inhibitors affected MMP (∆ψ m ) levels in the Ga-treated cells. However, the MeK and p38 inhibitors reduced the basal MMP (∆ψ m ) level in calu-6 control cells. Therefore, basal MeK or p38 signaling in calu-6 control cells may control the maintenance of MMP (∆ψ m ). increasing evidence suggests that apoptosis induced by Ga is associated with oxidative stress derived from roS (11, 28) . Similarly, roS levels including o 2
•-were significantly increased in Ga-treated calu-6 cells. The suppression of Ga-induced cell death by the MeK and JnK inhibitors as well as MMP (∆ψ m ) loss slightly increased roS (dcF) levels, but did not affect the o 2
•-level. p38 inhibitor significantly increased ROS (DCF) 
A B C levels but not the o 2
•-level in Ga-treated cells. Both the JnK and p38 inhibitor increased roS levels without affecting cell death in calu-6 control cells. These data suggest that the changes in roS levels by MaPK inhibitors in Ga-treated calu-6 cells are not closely related to cell death.
GSH is a main non-protein antioxidant in cells. it is capable of eliminating the o 2
•-and provides electrons for enzymes such as GSH peroxidase, which reduce H 2 o 2 to H 2 o. it has been reported that intracellular GSH content has a marked effect on anticancer drug-induced apoptosis, indicating that apoptotic effects are inversely related to GSH levels (29, 30) . likewise, Ga increased the number of GSH-depleted cells in the calu-6 cells, while MeK inhibitor decreased the number of GSH-depleted cells in the Ga-treated calu-6 cells. These results may be related to the results regarding annexin V and MMP (∆ψ m ). The MeK and JnK inhibitors slightly increased the CMF (GSH) level reduced by GA, and significantly increased GSH levels in calu-6 control cells. The basal activity of MeK and JnK in calu-6 cells therefore appears to influence the intracellular GSH level.
in conclusion, MeK inhibitor suppressed Ga-induced growth inhibition and death in calu-6 cells. This was related to the prevention of GSH depletion rather than to changes in the level of roS.
